Loss of retinal pericytes is one of the distinctive features of diabetic retinopathy (DR), which is characterized by retinal capillary obliteration. The matricellular proteins, cysteinerich protein 61 (Cyr61) and connective tissue growth factor (CTGF), are aberrantly expressed in the retinal vasculature from the early stages of DR, but their effects on retinal pericytes are unknown. We show herein that rat retinal pericytes (RRPs) exposed to advanced glycosylation-end products, an important injurious stimulus of diabetes, express increased levels of both Cyr61 and CTGF, and concomitantly undergo anoikis, a form of apoptosis by loss of cell-matrix interactions. Adenovirus-mediated expression of Cyr61 and/or CTGF conferred an anoikis-prone phenotype to rat retinal pericytes, including decreased phosphotyrosine protein levels at focal adhesion points and formation of cortical actin rings. When used as substrates for pericyte attachment and compared 
T HE CYSTEINE-RICH PROTEIN 61 (Cyr61) and connective tissue growth factor (CTGF), also known as CCN1 and CCN2, respectively, belong to a subset of extracellular matrix (ECM) molecules termed matricellular proteins, which exhibit highly regulated expression during development and in pathological events (1, 2) . These immediate early gene-encoded proteins are induced by and modulate, at least in part, the activity of growth factors, hormones, and mechanical forces (3, 4) . Structurally, the Cyr61 and CTGF proteins share 40 -50% amino acid homology with one another and contain, each, four conserved modular domains with sequence similarities to IGF binding proteins, the von Willebrand factor type C repeat, the thrombospondin type I repeat, and a carboxy-terminal domain containing a cystineknot motif (5) . These modules contain binding sites for integrins, low-density lipoprotein receptors, transmembrane proteoglycans, growth factor receptors, and/or ECM proteins (6 -12) . Functionally, the Cyr61 and CTGF proteins act as adaptors and modulators of cell-matrix interactions, although their biological activities are contextual and cell type dependent. Cell exposure to these proteins modulate cell adhesion, migration, proliferation, differentiation, survival, and ECM protein synthesis (13) . Through these activities, Cyr61 and CTGF regulate diverse biological processes including angiogenesis, development, fibrosis, and hypertrophy.
Numerous studies have described increased Cyr61 and CTGF protein levels in the microvascular complications of diabetes including diabetic retinopathy (14, 15) . CTGF was shown to be expressed in microglia, but its localization shifts to retinal microvascular pericytes in a large subset of diabetic persons (16) . Similarly, Cyr61 protein levels markedly increase in retinal blood vessels at the early stages of diabetes and in late stages of vitreoproliferative disorders (17) . However, what particular function(s) these proteins manifest in retinal blood vessels is unknown. Existing hypotheses associate the activity of these proteins with ECM remodeling (18, 19) . In active ophthalmopathy, Cyr61 was suggested to have a role in both orbital inflammation and adipogenesis and serve as an early marker of ocular diseases (20) . Twigg et al. (19) and Zhou et al. , (21) reported that advanced glycosylation end (AGE) products, a major injurious stimulus asso-ciated with diabetes, act, in part, through cell-derived CTGF to induce fibronectin and type IV collagen expression in fibroblasts and mesangial cells, respectively. However, the actual biological activities of these proteins in the retinal capillaries are unknown.
One of the distinctive features of the process that leads to diabetic retinopathy is the initial loss of retinal capillary pericytes, which outnumber endothelial cells in the retina more than in any other vascular bed (22) . Pericytes are smooth muscle-like cells defined by their perivascular localization within the basement membrane that they produce together with endothelial cells. Their putative functions include maintenance of capillary structure and integrity, regulation of endothelium homeostasis, and capillary diameter and angiogenesis (23) . Because of their tissue localization outside the blood retinal barrier, retinal pericytes rely entirely on survival signals derived from their surrounding ECM (24) . However, diabetes-induced hyperglycemia and associated toxicities affect both the ECM composition and function leading to accelerated death of retinal pericytes and endothelial cells and the loss of the innate vascular autoregulation characteristic of the early stages of diabetic retinopathy (25, 26) . Although both Cyr61 and CTGF have been shown to be up-regulated in the retinal capillaries, their effects on pericytes are still unknown (17, 27) . This study identifies Cyr61 and CTGF as antiadhesive molecules initiating retinal pericyte anoikis, a form of apoptosis resulting from loss of cell adhesion and/or cell adhesion-dependent signaling.
Materials and Methods Reagents
All chemicals were of reagent grade. Caspase inhibitors were purchased from Millipore/Chemicon (San Diego, CA). Pharmacological inhibitors were from Sigma-Aldrich. AGE-BSA and Bcl-2-associated X protein (Bax) and B-cell LL/lymphoma 2 (Bcl2) antibodies were from Biovison (Mountain View, CA). Recombinant CYR61 was produced in baculovirus Sf21 cells and purified as previously described (28) . Recombinant CTGF was from Novus Biologicals (Littleton, CO). EHS laminin and type IV collagen were from Invitrogen (Carlsbad, CA). Type I collagen was prepared from rat tail tendon. Anti-Cyr61 and anti-CTGF antibodies were described previously (4). Antipaxillin and antiphosphotyrosine antibodies were from Cell Signaling Inc. (Danvers, MA) The 4Ј,6-diamidino-2-phenylindole (DAPI), fluorescein isothiocyanate (FITC)-conjugated goat antimouse IgG and tetramethyl rhodamine isothiocyanate (TRITC)-conjugated goat antirabbit IgG antibodies were from Vector Laboratories (Burlingame, CA). TRITC-conjugated phalloidin was from Cytoskeleton Inc. (Denver, CO).
Cell culture and treatment
Rat retinal pericytes (RRPs) were isolated from a pool of Sprague Dawley rat retinas by selective sieving at QBM Cell Science Laboratories (Ottawa, Canada). The cells were plated in 35-mm dishes in predefined pericyte medium containing 2% fetal bovine serum obtained from Cell Biolabs, Inc. (San Diego, CA). RRPs were characterized by immunostaining using NG2 (chondroitin sulfate proteoglycan) and desmin antibodies (Chemicon). These cells grow at a very slow rate and can be passaged only twice.
Cyr61 and CTGF adenoviral vector preparation and utilization
Mouse Cyr61 and CTGF cDNAs were isolated by PCR amplification using DNA templates obtained from American Type Culture Collection (Manassas, VA) and cloned into a shuttle vector. The recombinant adenoviruses, Ad-Cyr61 and Ad-CTGF, were produced by cotransfecting an adenoviral shuttle vector with a viral backbone in which the recombinant cDNA is driven by the cytomegalovirus promoter. Recombinant adenovirus amplification was carried out by Vector Biolabs (Philadelphia, PA). The empty adenovirus, Ad-V, and the adenovirus encoding green fluorescent protein (Ad-GFP) were used as controls for infection. All adenoviruses were replication deficient and used at 20 multiplicity of infection. Cells at 80% confluence were incubated with adenoviral vectors first, in serum-free medium for up to 3 h and then in serumcontaining medium. Cells were then incubated in serum-free medium for defined periods of time and then processed for various analyses.
Western immunoblotting and fluorescence microscopy
For Western blot analysis, protein samples (24 g) were fractioned in a 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel and transferred to nitrocellulose membrane, and Western blot analysis was performed with anti-Cyr61, anti-CTGF, or anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibodies. Immunodetection was performed using enhanced chemiluminescence (Amersham Biosciences, Piscataway, NJ) according to the manufacturer's recommendations.
For immunocytochemical analyses, cells plated on glass coverslips were fixed in 0.4% formaldehyde-PBS for 20 min and permeabilized in 0.1% Triton X-100 at room temperature for 5 min. For visualization of actin stress fibers, cells were stained with TRITC-phalloidin. For immunodetection of specific proteins, cells were incubated with the indicated primary antibodies overnight at 4 C and then treated with TRITCor FITC-conjugated secondary antibodies. Coverslips were washed several times in PBS between incubations. Images were acquired using the 1024 MDC laser scanning fluorescence imaging system (Bio-Rad Laboratories, Hercules, CA).
Anoikis and terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL) assays
Cells undergoing death by anoikis were identified and quantified using the CytoSelect anoikis assay kit according to the manufacturer's instructions (Cell Bioloab). Briefly, cells to be assayed for anoikis were collected, pelleted by centrifugation, and resuspended in culture medium. Cells (400,000) in suspension were added into either an anchorage-resistant poly-Hema-coated or a control uncoated plate. After a 24-h incubation time at 37 C, ethidium homodimer (EthD-1) was added into each well to detect apoptotic cells. Free Eth-D1 is virtually undetectable before interacting with cell membrane. Fluorescence was measured at 515 and 590 nm using a Fluorolite-1000 plate reader (Dynex Technologies, Chantilly, VA).
TUNEL staining was performed in 35-mm dishes using an in situ death detection kit according to the manufacturer's instructions (Roche Molecular Biochemicals, Indianapolis, IN). The percentage of TUNELpositive cells (relative to total counterstained with DAPI) was determined by counting approximately 200 cells in 10 randomly chosen fields per coverslip for each experiment.
Cell adhesion assay
Microtiter 96-well plates were coated overnight at 4 C with 50 l/well of substrate, e.g. Cyr61, CTGF, laminin, type I or IV collagen, or BSA. The wells were then blocked with 0.5% BSA in PBS (100 l/well) for 2 h at 37 C. Subconfluent cells were trypsinized, washed, and resuspended in adhesion buffer (Hank's balanced salt solution supplemented with 1 mm MgCl 2 ). An aliquot of the cell suspension (40,000 cells) was first preincubated with a vehicle solution or chemical inhibitors for 30 min and then added to the coated plates in a final volume of 50 l and allowed to attach at 37 C in a humidified incubator for 30 min. Nonattached cells were removed by two washes with PBS. Attached cells were fixed with 4% paraformaldehyde at room temperature for 10 min and stained for 10 min with crystal violet (5 mg/ml in 2% ethanol). After several washes with water, the wells were dried, and the dye was extracted with 2% SDS for 30 min at room temperature. Adhesion was quantified by measurement of absorbance at 550 nm. Nonspecific cell attachment (attachment to wells coated with BSA) was always less than 5%.
RNA isolation and quantitative analysis of mRNA
Total RNA was extracted from cells using RNAEasy column purification protocol (QIAGEN, Valencia, CA). Quantitative real-time RT-PCR assay was performed to quantify the mRNA levels of numerous genes using TaqMan technology on an Applied Biosystems 7000 sequence detection system (Foster City, CA). Highly specific primers were designed using the Web-based primer design program, Primer3 (Whitehead Institute for Biomedical Research, Cambridge, MA). The forward and reverse primers were: 5Ј-TGAGCTCCAG-CACCATCAAG-3Ј and 5Ј-AGTGCCAGCCTGGTCAAGTG-3Ј for Cyr61; 5Ј-CGCCAACCGCAAGATTG-3Ј and 5Ј-ACGGACCCAC-CGAAGACA-3Ј for CTGF, 5Ј-TGACGATGAGCTGTGGACTC-3Ј and 5Ј-ACAAGAAGGGGAACTTGCAG-3Ј for matrix metalloproteinase (MMP)-2; 5Ј-ACCCCACTCACATTCTCCAG-3Ј and 5Ј-GCCCAT-CAAAAGGGATAAAG-3Ј for MMP-3; 5Ј-TACGGGCTCGAAGCA-GAC-3Ј and 5Ј-AAAGGCGTGTGCCAGTAGAC-3Ј for MMP-9; 5Ј-ACAGAAGGGGAGCAGAAAGC-3Ј and 5Ј-AGATGTCCACCAG GGTCTCA-3Ј for vascular endothelial growth factor (VEGF); 5Ј-CAGACGGCAACTTCAACTGG-3Ј and 5Ј-CAGCCCATGATGGT-TCTGAT-3Ј for Bax; 5Ј-CAGGCAGCCAATAACAGTCA-3Ј and 5Ј-CTCCTCCTCCATCCCTTCAT-3Ј for Bcl-2 antagonist of cell death (Bad); 5Ј-GATTGGGGAATGGGTTGGTAG-3Ј and 5Ј-TGCAGAGT-GGAGGAAATGGG-3Ј for p53; 5Ј-GGGACTCGCACTTGCAATA-3Ј and 5Ј-AGTTATGGTGCGCTGACTCC-3Ј for GADD45a; 5Ј-TGTTGT-GATGGTGGCTTGAG-3Ј and 5Ј-CTCCTGACCCTTCATCCGTA-3Ј for apoptosis inhibitor 2; 5Ј-GTTGCCTCCTCTCCTTTTCG-3Ј and 5Ј-AGCGTGGAAGATTGTTCAGC-3Ј for activating transcription factor 5; and 5Ј-GAGGCAGACCAGCCTAACAG-3Ј and 5Ј-GGCACT-TCAGGGCTTTCTCT-3Ј for p21 WAF1 . These primers were designed to span exon-exon junctions so that genomic DNA would not be detected. Primers for ␣1(IV) collagen and ␤1-laminin chain were obtained commercially (SuperArray Bioscience Corp., Frederick, MD). The cycling parameters for PCR amplification reactions were: AmpliTaq activation 95 C for 10 min, denaturation 95 C for 15 sec, and annealing/extension 60 C for 1 min (40 cycles). Triplicate CT values were analyzed with Microsoft Excel using the comparative cycle threshold (CT) (hh CT ) method as described by the manufacturer (Applied Biosystems). Transcript levels (2 ϪhhCT ) were obtained by normalizing to an endogenous reference (18S rRNA).
In-gel zymography
Ten micrograms of proteins, as measured using the Bradford assay (Bio-Rad) from conditioned media were mixed with loading buffer and assayed for MMP activity by gel zymography using gelatin-containing precast gels from Invitrogen according to the manufacturer's instructions. Clear digested regions representing MMPs activity were quantified using a Kodak documentation system (Rochester, NY), and molecular weights were estimated using prestained molecular weight markers.
Pathway-specific microarray gene expression profiling
The Oligo GEArray rat apoptosis system from SuperArray Bioscience was used. The array contains 113 oligonucleotide probes representing genes involved in apoptosis. Side-by-side hybridization experiments determine differential gene expression between two samples. Total RNA from Ad-V and Ad-Cyr61-infected cells subjected to DNase digestion to eliminate genomic DNA contamination was used as a template for RT-PCR. The TrueLabeling-AMP 2.0 linear amplification and labeling kit (Superarray, Frederick, MD) was used to convert total RNA to amplified and biotinylated cRNA, which was then hybridized overnight at 60 C with nylon membrane arrays in a hybridization oven. After washing, arrays were incubated with streptavidin and immunodetection was performed using the chemiluminescence detection kit from Amersham Biotech (Pisataway, NJ). The membranes were dried and exposed to x-ray films. Images were quantified using a data analysis software.
Statistical analysis
Data were expressed as means Ϯ se. To test differences among several means for significance, a one-way ANOVA with the Newman-Keuls multiple comparison test was used. Where appropriate, post hoc unpaired t test was used to compare two means/groups, and P Ͻ 0.05 or Ͻ 0.01 were considered significant. Statistical analyses were performed using the Prism software for Windows version 4 (GraphPad Inc., San Diego, CA).
Results

Effects of AGE-BSA on Cyr61 and CTGF gene expression in RRPs
As a basis for establishing the potential involvement of Cyr61 and CTGF in retinal pericyte pathology, we first examined the effects of AGE-BSA on the expression of the Cyr61 and CTGF genes. Cultured RRPs were treated with AGE-BSA (100 g/ml) for various periods of time and the expression of the Cyr61 and CTGF genes was analyzed by real-time PCR and Western immunoblotting. As shown in (Fig. 1A) , AGE-BSA induced nearly 2-and 4-fold increases of either Cyr61 or CTGF mRNA levels after incubation with FIG. 1. AGE-BSA induces Cyr61 and CTGF gene expression and apoptosis of RRPs. Cultured pericytes were exposed to AGE-BSA (100 g/ml) for up to 120 h. A, The Cyr61 and CTGF transcript levels were determined by real-time PCR using specifically designed primers overlapping two adjacent exons and normalized to 18S rRNA levels. Data are given as means Ϯ SE of three separate experiments in which each time point was tested in quadruplicate. To facilitate comparisons among different experiments, the levels of either Cyr61 or CTGF mRNAs in the control were set to 100%. *, P Ͻ 0.05; and **, P Ͻ 0.01 vs. control cells. B, Cyr61 and CTGF proteins in RRPs exposed to AGE-BSA were detected in cellular lysates by Western immunblotting. To control for total protein loading, the same blots were probed with an anti-GAPDH antibody. Immunodetection was performed by enhanced chemiluminescence. C, Apoptotic cells were identified using the TUNEL assay. Representative histograms are shown for 24, 28, and 96 h after AGE-BSA treatment. Experiments have been repeated at least five times. Data are mean Ϯ SE. **, P Ͻ 0.01 vs. the experimental points 24 and 48 h of incubation.
AGE-BSA for 4 and 96 h, respectively. These changes correlated well with those seen at the protein level (Fig. 1B) . Cells treated with BSA alone did not result in Cyr61 and CTGF gene induction, suggesting specificity of AGE-BSA effects on retinal pericytes (data not shown).
AGE-BSA-induced pericyte death was determined using the TUNEL assay. Ninety-six-hour exposure to AGE-BSA significantly increased the number of TUNEL-positive cells (Fig. 1C) . There was no significant increase in the number of apoptotic cells at earlier time points (e.g. 24 and 48 h). BSA treatment of the cells for 4 d resulted in less than 5% of cell death (data not shown). AGE-BSA-induced cell death was concomitant with the stronger elevation of Cyr61 and CTGF levels, suggesting a potential role of these proteins in the pro-apoptotic effects of AGE products.
Adenovirus-mediated expression of Cyr61 and/or CTGF induces apoptosis of retinal pericytes
We examined the specific effects of Cyr61 and CTGF proteins on retinal pericyte death by transducing the cells with replication-deficient adenoviruses overexpressing either the Ad-Cyr61 or Ad-CTGF genes. Cells infected with an empty adenoviral vector (Ad-V) were used as controls. A progressive increase of Cyr61 and CTGF proteins was detected by Western immunoblotting after the adenoviruses were added ( Fig. 2A) . Upon incubation in serum-free medium, cells overexpressing Cyr61 or CTGF underwent a dramatic change in cell morphology and adherence (data not shown). Cell death was, first, assessed using the TUNEL assay. As shown in 
Apoptosis of RRPs is mediated by anoikis
For many anchorage-dependent cells, the adherence to the matrix is a necessary condition for survival. Disruption of cell-matrix interactions results in loss of prosurvival signals culminating in cell death referred to as anoikis. We used the CytoSelect anoikis assay to determine whether RRPs undergo anoikis either when they were exposed to AGE-BSA or upon overexpression of Cyr61 or CTGF. First, cells were treated with either BSA alone or AGE-BSA and collected (both floating and attached cells) after 4 d. The cells were then plated in anchorage-resistant Hema-coated and control plates. EthD-1 was added after 6 h and the fluorescence was measured. As shown in Fig. 3A , AGE-BSA significantly increased the amount of apoptotic cells plated in anchorageresistant and control plates. BSA treatment alone resulted in 22% increase (P Ͻ 0.05) of cell death when cells were plated in anchorage-resistant plates vs. control plates. AGE-BSAinduced cell death was increased by 63% if the cells were incubated in anchorage-resistant plates vs. control plates (P Ͻ 0.01). These data clearly support the idea that AGE-BSA-induced cell death was, at least in part, mediated by altered cell-matrix interactions, i.e. anoikis.
In parallel experiments, cells were incubated with AdCyr61, Ad-CTGF, or Ad-V. Twenty four hours later, cells were collected and tested for anoikis. Figure 3B shows that the amount of Ad-V-transduced cells able to survive and readhere to the tissue culture flasks significantly decreased when the cells were maintained in suspension in the anchorage-resistant vs. control plates, indicating that RRP adherence is critical for their survival. Overexpression of Cyr61 resulted in 74% increase of cell death in the anchorage-resistant plate and 59% increase in the control plate (P Ͻ 0.05). Differences between the control and Poly-Hema-coated plates may be due, at least in part, to the ability of the cells to produce their own matrix and readhere to it in the control plates. Similarly, overexpression of CTGF increased cell death in the anchorage-resistant (46%) vs. control plates (39%). Thus, both Cyr61 and CTGF induce anoikis-like cell death.
Effects of Cyr61 and CTGF on retinal pericyte adhesion
Cyr61 and CTGF have been shown to support adhesion of skin fibroblasts and endothelial cells but they induce deadhesion of mesangial cells (29, 30) . Interestingly, one of the striking changes observed in retinal pericytes as they express increasing amounts of Cyr61 or CTGF proteins upon transduction with recombinant adenoviruses is their adoption of a rounded morphology and their detachment from the ECM. A large amount of cells appeared to either be completely detached or have less than five focal adhesion sites/cell (data not shown). Because anoikis is linked primarily to the loss of cell adhesion or the absence of cell adhesion-dependent signaling, we analyzed the effects of Cyr61 and CTGF as substrates on pericyte adhesion. As shown in Fig. 4A , a poor cell adhesion occurs on BSA, whereas laminin, type IV collagen, or type I collagen dose-dependently increased cell adhesion. Maximal adhesion was supported on type IV collagen-coated wells, which is consistent with the notion that basement membrane proteins are the natural support for pericytes in retinal vessels. In contrast, coating concentrations of Cyr61 or CTGF ranging from 0.5 to 20 g/ml resulted in a markedly decreased pericyte adhesion. Cyr61 and CTGF proteins supported well endothelial cell adhesion within the range of the concentrations used (data not shown), suggesting that direct cytotoxicity of these proteins did not cause deadhesion of pericytes. Similarly, Cyr61 and CTGF used as substrate decreased, in a dose-dependent manner, pericyte adhesion to type IV collagen-coated wells, which is consistent with the antiadhesive properties of Cyr61 and CTGF vis-à-vis pericytes (Fig. 4B ).
Cyr61 and CTGF alter anchorage-dependent signaling in retinal pericytes
The anchorage of cells to ECM proteins is mainly mediated by integrins, which undergo phosphorylation of their tyrosine and serine residues, glycosylation of their extracellular amino acid residues, and oligomerization/clustering. Clusters of integrins induce autophosphorylation and recruitment of cytoplasmic tyrosine kinase proteins to focal adhesion (FA) complexes composed essentially of focal adhesion kinase, paxillin, talin, and actin. As the cells release their ECM attachments, they reorganize their FA complexes, which disassemble and reconcentrate ventrally underneath the cells (31) . In this process, FA structural proteins are dephosphorylated and their cell content diminishes. The early tyrosine dephosphorylation of FA kinase and the decreased amount of paxillin are sufficient to initiate cell death by anoikis (32, 33) . Therefore, we examined whether pericyte treatment with AGE-BSA affects the tyrosine phosphorylation state of the proteins at focal adhesion points. As shown in Fig. 5A , phosphotyrosine staining revealed an intense punctate at the cell periphery in BSA-treated cells characteristic of phosphotyrosine proteins at focal adhesion points. However, phosphotyrosine staining was markedly reduced in AGE-BSA-treated cells, which appeared to have lost their elongated shape as well, a typical feature of cells undergoing apoptosis. A similar pattern for paxillin staining can be observed, suggesting a marked decrease of paxillin in AGE-BSA-treated cells (Fig. 5B) .
We also examined whether these anoikis-associated events occur upon overexpression of either Cyr61 or CTGF in pericytes. Immunohistochemical analyses with antiphosphotyrosine and antipaxillin antibodies revealed typical arrowhead-shaped dots localized at the periphery of control cells at focal adhesion sites (Fig. 5, C and D, respectively) . In 5, 3, 6 , 12, 24 g/ml); CTGF (1.5, 3, 6, 12, 24 g/ml); EHS laminin (1.5, 2.5, 5, 10, 20 g/ml), type IV collagen (0.75, 1.25, 2.5, 5, 10 g/ml); or type I collagen (0.75, 1.25, 2.5, 5, 10 g/ml). After incubation at 37 C for 30 min, attached cells were fixed with paraformaldehyde and stained with crystal violet. The dye was solubilized with 2% SDS and quantified by absorbance at 550 nm. The data shown are the means Ϯ SE of three determinations. The experiments were repeated twice with similar results. B, RRPs were plated in microtiter plates precoated with type IV collagen (1.50 g/ml) and increasing concentrations of either Cyr61 (1, 10, 25, 50 g/ml) or CTGF (1, 10, 25, 50 g/ml). The data shown are the means Ϯ SE of three determinations.
FIG. 3. Apoptosis of RRPs is mediated by anoikis. A, RRPs
were incubated with either BSA or AGE-BSA (100 g/ml) for up to 4 d. The cells were then collected and plated in anchorage-resistant ploy-Hema-coated and control noncoated plates. EthD-1 was added after 6 h, and the fluorescence due to the interaction of EthD-1 with damaged cell membranes was measured at 590 nm. B, Cells were incubated with Ad-V, Ad-Cyr61, or Ad-CTGF. Twenty-four hours after incubation with the adenoviruses, cells were collected and subjected to the anoikis assay as described in A. Values are the means Ϯ SE (n ϭ 3). **, P Ͻ 0.01.
contrast, phosphotyrosine protein and paxillin staining distinctly decreased in Cyr61-treated cells, which adopted a rounded morphology after an incubation time of 6 h, as the cells begin expressing increasing amounts of Cyr61. CTGFtreated cells also showed a reduced staining, although less intense than that of Cyr61-treated cells. Western blot analysis showed decreased phosphotyrosine protein and paxillin band intensities in Cyr61-and CTGF-treated cells after an incubation time of 6 h (Fig. 5E ). The changes of protein band intensity were not as dramatic as those seen by immunostaining, suggesting that the immunohistochemical approach was more sensitive than Western blotting analysis of proteins. However, a longer incubation time period (24 h) resulted in cell detachment and drastic decreases of phosphotyrosine protein and paxillin band intensities (Fig. 5F) .
We further examined actin cytoskeletal alterations using phalloidin staining. As shown in Fig. 6 , control cells were elongated and contained an extensive network of stress fibers. In contrast, Cyr61-and CTGF-expressing cells exhibited mostly a peripheral membrane-associated ring of actin characteristic of apoptotic cells. However, these changes developed rapidly in Cyr6-expressing cells and relatively slowly in CTGF-expressing cells, which may account for the higher proapoptotic potential of Cyr61, compared with that of CTGF. Taken together, these observations suggest that Cyr61 and CTGF induce morphological and cytoskeletal alterations consistent with anoikis.
Cyr61 and CTGF induce dephosphorylation events in RRPs
Because the loss of matrix adhesion is a known inducer of cell death, the antiadhesive activity of Cyr61 and CTGF may be viewed as the mechanism for their proapoptotic activity. By decreasing phosphotyrosine protein levels at the cell surface, Cyr61 and CTGF clearly affect phosphorylation events in the cells. To further substantiate this hypothesis, cells were plated in microtiter plates coated with Cyr61 and/or type IV collagen in the presence and in the absence of either phosphatase or kinase inhibitors. The extent of cell adhesion was determined. As shown in Fig. 7A , both sodium orthovanadate (20 m), a tyrosine phosphatase inhibitor, and okadaic acid (50 nm), a serine threonine phosphatase inhibitor, significantly increased cell adhesion in type IV collagen/Cyr61-coated wells. In contrast, genistein, a tyrosine kinase inhibitor, increased cell detachment on type IV collagen. Consistent with these data, incubation of the cells with either orthovanadate or okadaic acid decreased Cyr61-induced anoikis, whereas genistein further increased the levels of cell undergoing apoptosis as determined by the anoikis assay (Fig. 7B) . Thus, by inhibiting dephosphorylation events, phosphatase inhibitors maintain the target of tyrosine and serine/threonine kinases in a phosphorylation/active state and prevent cell detachment and apoptosis.
Cyr61 and CTGF activate the intrinsic mitochondrial pathway of apoptosis in RRPs
To examine the apoptotic pathways associated with the proanoikis effects of Cyr61 and CTGF, we determined the levels Bax and Bcl2 as well as the effects of specific inhibitors of caspases on RRPs. Western blot and densitometric analyses showed that adenovirus-mediated expression of either Cyr61 or CTGF induced a 2-fold increase ( known to oligomerize and localize to the outer mitochondrial membrane to facilitate cytochrome c release in apoptotic cells. Surprisingly, the expression of the antiapoptotic factor Bcl-2 was not significantly changed. It is noteworthy that the sole increase of Bax levels expression alters the Bax to Bcl ratio, which is often sufficient to increase the cell's susceptibility to apoptosis.
To determine whether and which caspases are involved in Cyr61-and CTGF-induced apoptosis, RRPs infected with Ad-V, Ad-Cyr61, or Ad-CTGF were incubated with cell permeable, irreversible inhibitors of either all caspases (z-VADfmk), caspase-3 (z-DEVD-fmk), or caspase-8 (z-IETD-fmk) for up to 24 h. Apoptotic cell death was assessed by TUNEL assay. As shown in Fig. 8B , inhibition of either all caspases or caspase-3 significantly reduced the number of apoptotic pericytes overexpressing Cyr61 or CTGF, whereas inhibition of caspase-8 had no significant effects.
Identification of Cyr61 target genes using apoptosisspecific arrays
We screened an apoptosis-specific array to identify the pro-and antiapoptotic genes targeted by the Cyr61 and CTGF proteins. For this purpose, RRPs were infected with either Ad-GFP or Ad-Cyr61 adenoviral vectors and incubated in serum-free medium for 24 h. Total RNA was isolated and converted into biotin-labeled cRNA. The labeled RNA was then used for hybridization to Rat GEArrays membranes on which 113 oligonucleotides representing pro-and antiapoptotic genes have been printed. Hybridization signals were detected by chemiluminescence. Negative control oligonucleotides printed on the arrays (e.g. blank spots, pUC 18, artificial sequences) yielded no signal (Fig. 9A) . Approximately 43% of the oligonucleotides printed on the arrays hybridized to cRNA probes among which 21 genes were found to be differentially expressed using a 2-fold cutoff. These include Akt1, Bax, Bad, Bid, caspase-3, caspase-6, Check 1, Check 2, and GADD45a. Differential expression of several genes was further tested by using real-time PCR. As shown in Fig. 9B , the expression of the proapoptotic factors p53, Bax, Bad, and GADD45a was significantly up-regulated, whereas that of antiapoptotic factors such as Api2/Birc2 and atf-5 was down-regulated by either Cyr61 or CTGF. Inter- (50 nM), or genistein (100 M) for 30 min and then plated in microtiter plates precoated with a mixture of type IV collagen (2.5 g/ml) and Cyr61 (10 g/ml). After 30 min incubation at 37 C, cell adhesion was quantified as described in Fig. 4 . The data shown are the means Ϯ SE of three separate experiments. **, P Ͻ 0.05. B, Cells were treated as described in A and incubated for up to 6 h. Cells were then tested for anoikis using the anoikis assay as described in Materials and Methods. The data shown are the means Ϯ SE (n ϭ 3). Data are representative of two separate experiments with similar results. estingly, several of the Cyr61 target genes such as akt1, Bad, Bax, Bid, caspase-3, caspase-6, and GADD45a have been functionally grouped as p53-and DNA damage-induced apoptosis genes (34) . Indeed, several members of the Bcl family such as Bax, Bad, and Bid are known to be under the transcriptional control of p53. These proteins constitute a critical intracellular checkpoint of apoptosis. Meanwhile, in addition to the genes imprinted on the GEArray, we found that the overexpression of Cyr61 or CTGF reduced the transcript levels of the small GTPase, p21 WAF1 , which is also a p53 target gene. On another hand, the differential expression of other p53 gene targets such as AIP-1, Fas, Prdx2, Bnip3, and Rnf7 could not be confirmed by real-time PCR (data not shown), which underscores limitations of the GEArray approach. Taken together, these data suggest that the p53-mediated anoikis pathway plays an important role in Cyr61-and CTGF-induced retinal pericyte apoptosis.
Cyr61-and CTGF-induced MMP-2 gene expression mediates, at least in part, RRP apoptosis
Expression of either Cyr61 or CTGF has been previously associated with changes of gene programs for cell proliferation, ECM synthesis, and angiogenesis (35, 36) . Therefore, we determined the mRNA levels of several putative Cyr61 and CTGF target genes including VEGF-A, type IV collagen, laminins, and MMP-2, -3, and -9 in cells expressing Cyr61 and CTGF. We found that either Cyr61 or CTGF induced a 2-to 3-fold increase in the mRNA levels for MMP-2, compared with control (Fig. 10) . The mRNA levels of VEGF-A was significantly increased in Cyr61-but not CTGF-overexpressing cells. Conversely, neither Cyr61 nor CTGF affected the expression profile of ␣1(IV) collagen, ␤1-laminin, MMP-3, and MMP-9. In-gel gelatin zymography revealed a single MMP-2 band corresponding to the activated form of MMP-2 in conditioned medium from Cyr61-and CTGFoverexpressing cells (Fig. 11A) . Neither the active nor latent forms of MMP-2 were detected in GFP-overexpressing cells. Thus, the MMP-2 gene, which has been shown to be under the control of p53 (37), is a Cyr61 and CTGF target gene as well.
Increased perivascular localization of MMP-2 has previously been observed in the retinal capillaries at the early stages of diabetes and has appeared to occur concomitantly with increased Cyr61 and CTGF gene expression, suggesting a cause-and-effect relationship (17, 38) . To determine whether MMP-2 expression and activation mediate the proapoptotic effects of Cyr61 and/or CTGF on pericytes, RRPs infected with Ad-V, Ad-Cyr61, or Ad-CTGF were incubated with SB3CT, a specific inhibitor of MMP-2, and cell death was assessed using the TUNEL assay. As shown in Fig. 11B , the number of apoptotic cells was significantly reduced but not completely abolished in the presence of the MMP-2 inhibitor, SB3CT in cells overexpressing either Cyr61 or CTGF. Consistent with this result, incubation of RRPs with purified active MMP-2 significantly increased the number of apoptotic cells (ϩ19%) (Fig. 11C) . Taken together, these results suggest that the apoptogenic activity of the Cyr61 and CTGF proteins is partly mediated by MMP-2.
Discussion
Anoikis, a form of cell death triggered by inappropriate or inadequate contacts between the cells and the ECM, regu-FIG. 9. Identification of Cyr61 target genes using pathway-specific GEArray profiling. A, Total RNA (2 g) from Ad-GFP-and Ad-Cyr61-infected RRPs was converted to biotin-labeled cRNA using the TrueLabeling-AMP amplification system as described in Materials and Methods. The cRNAs were hybridized to separate rat apoptosis Oligo GEArray membranes on which 113 pro-and antiapoptotic genes have been spotted. The hybridization signals were detected by chemiluminescence. B, The mRNA levels of selected Cyr61 target genes, p53, Bax, BAD, GAD/GADD45a, Api2, atf-5, and p21 WAF1 were quantified by real-time PCR and normalized to the 18S rRNA levels. Data are given as means Ϯ SE, n ϭ 3. ** P Ͻ 0.01; *, P Ͻ 0.05 vs. the control Ad-GFP.
FIG. 10. Expression profile of putative Cyr61 and CTGF target genes in RRPs. RRPs were transduced with Ad-GFP, Ad-Cyr61, or Ad-CTGF and incubated in serum-free medium for 24 h. Genomic DNA-free RNA was prepared and reverse transcribed. The mRNA levels of MMP-2, -3, and -9, VEGF-A, ␣1(IV) collagen and ␤1-laminin chain were determined using real-time PCR and normalized to the 18S rRNA levels. Data are given as means Ϯ SE, n ϭ 4. **, P Ͻ 0.05 vs. Ad-GFP control.
lates both physiological (e.g. tissue homeostasis and turnover) and pathological processes (e.g. tissue degeneration and tumorigenesis). Anoikis was initially observed for endothelial and epithelial cells for which attachment to the ECM, even in the presence of serum, is required to prevent cell death. However, initiation of anoikis is still a debatable issue as the initiating factors that bring about cell detachment from their substrate and propel the cells in the apoptotic pathway are not well understood. Our data showed that the Cyr61 and/or CTGF proteins promote detachment and anoikis of retinal pericytes. When used as substrates for cell attachment and compared with the constitutively expressed ECM proteins such as type IV collagen and laminin, both Cyr61 and CTGF exhibited antiadhesive and apoptogenic activities vis-à-vis retinal pericytes. Clearly, dynamic changes of the ECM composition, and thus cell-matrix interactions, are conducive to compromising pericyte survival.
As matricellular proteins, Cyr61 and CTGF do not assume a direct structural role in the matrix but modulate cell function and cell-matrix interactions. Other matricellular proteins such as thrombospondin, tenascin-C, and secreted protein acidic and rich in cysteine have been found to negatively regulate cell adhesion as well and reduce it to, at least, a state of intermediate cell adhesion (39) . The type I repeat of thrombospondin 1, which is found in thrombospondin, Cyr61, and CTGF, has been shown to specifically induce endothelial cell deadhesion and apoptosis/anoikis, although adhesive properties have been assigned to this domain in hepatic stellate cells (40, 41) . The antiadhesion properties of thrombospondin entail disassembly of focal adhesion characterized by unbundling of actin stress fibers and depletion of several focal adhesion proteins. Cyr61 and CTGF act, seemingly, along a similar pathway and their antiadhesive activity provides a mechanism for pericyte detachment and death. In Cyr61-treated cells, cytoskeletal actin rearranges into a peripheral ring in preparation of blebbing, which is characteristic of cells during the execution phase of apoptosis. The cytoskeletal changes develop rapidly in Cyr61-expressing cells and relatively slowly in CTGF-expressing cells, which may account for the higher proapoptotic potential of Cyr61. During this process, the link between the actin cytoskeleton and the plasma membrane may be broken focally allowing blebs to protrude at sites in which the plasma membrane is no longer attached to the cytoskeleton (42) . However, membrane blebbing is cell type and stimulus dependent (42, 43) . Whether both Cyr61 and CTGF induce membrane blebbing is unknown and will be investigated in future studies.
Interestingly, our data are at variance with a previous report showing that Cyr61 and CTGF trigger death of rat-1 fibroblasts through their cell adhesive function mediated by ␣ 6 ␤ 1 integrin (44). Cyr61 and CTGF have been shown to recognize various integrin receptors, although such interactions are complex and vary as a function of the type of integrins, the domain location in these proteins, and the cell type (45) . Paradoxically, Cyr61-␣ 6 ␤ 1 integrin interactions promote spreading/survival of skin fibroblasts and activate a gene program for angiogenesis (29, 46) . Complicating further the matter is the observation that Cyr61 and CTGF promote cell migration/motility as well, which implies that they also exhibit anti-adhesive effects to allow efficient cell migration (47, 48) . Whereas these observations are intriguing in their own right because cell adhesion presumably advocates cell survival instead of cell migration or death, they underscore the complex mechanisms of matricellular activities. Namely, the matricellular concept of these proteins may account for their puzzling features and the apparently contradictory properties reported in different studies. The activities of matricellular proteins are, indeed, cell type dependent and contextual in that they depend on the availability of receptors/binding partners and the ECM composition, which varies for each cell type. Anchorage-dependent cells such as cultured pericytes produce their own ECM to which they adhere (49) . A potential explanation for the antiadhesive activities of Cyr61 and CTGF vis-à-vis pericytes is that as substrates, these proteins compete with the constitutively expressed ECM proteins for integrin binding. The excessive accumulation of these protein in the ECM may initiate deadhesion between pericytes and their surrounding ECM protein substrate, by converting strong cell-ECM interactions into weak ones. Under these conditions, the intracellular signaling pathways (e.g. tyrosine kinase phosphorylation cascades) that are normally triggered by contact between integrins and the constitutively expressed ECM proteins may either be turned off or replaced by others.
Two types of data support these observations. First, the changes of cell shape and morphology of pericytes indicate that Cyr61 and CTGF provoke cell detachment possibly by inducing integrin disengagement. It is now well appreciated that integrin engagement or disengagement regulates cell proliferation and survival (50) . In osteoblasts, unoccupied ␣ v ␤ 3 -integrin induces apoptosis by transmitting a positive death signal, whereas in epithelial cells, the integrin ␤4 subunit can be cleaved by caspases, which disrupts hemidesmosome assembly and induces cell death (51, 52) . There is, however, also clear evidence that integrin signaling alone is not sufficient to prevent anoikis (53) . Second, the antiadhesive activity of Cyr61 and CTGF was associated with dephosphorylation events. Antagonizing the activity of phosphatases by sodium orthovanadate or okadaic acid maintained the targets of tyrosine kinases in a phosphorylation state and reduced pericyte deadhesion and death. However, these Cyr61-associated dephosphorylation events are cell type specific because in human primary fibroblasts, immobilized Cyr61 activates focal adhesion kinase and paxillin (54) . Therefore, conflicting cell type-specific signals arise from Cyr61-cell interactions, and further work is needed to define the integration and regulation of the subsequent responses.
Meanwhile, our data showed that both Cyr61 and CTGF up-regulated the expression of the MMP-2 gene and increased MMP-2 activity, which mediates, at least in part, pericyte apoptosis. Morphological manifestations of cells undergoing anoikis can be seen in recombinant MMP-2-treated cells (data not shown). Thus, the process of Cyr61-and CTGF-induced anoikis embraces, perhaps, the dissolution by MMP-2 of interactions through pericellular proteolysis of molecules involved in cell-matrix and cell-cell interactions. In fact, there are several potential mechanisms for the apoptogenic activity of MMP-2. First, the collagenolytic activity of MMP-2 may induce pericyte death via degradation and removal of survival signals emanating from the ECM proteins. Type IV collagen, the major structural element of the basement membranes in which pericytes are embedded in retinal capillaries, is the prime target of MMP-2 activity. Second, MMP-2 may, in part, induce ECM degradation and release of modular breakdown products with a potent proapoptotic activity. In particular, proteolytic fragments of type IV collagen (e.g. tumstatin) and type XVII collagen (e.g. endostatin) have been shown to induce apoptosis of endothelial cells (55) . Third, the proper proapoptotic activity of MMP-2 may compromise survival of anchorage-dependent cells like retinal pericytes. In ventricular myocytes, MMP-2 mediates ␤-adrenergic receptor-stimulated apoptosis via both direct interaction with ␤1-integrins and poly-ADP-ribose-polymerase cleavage (56) . Further studies are needed to elucidate the mechanism of MMP-2-mediated apoptosis of retinal pericytes.
Another interesting finding of this study is the identification of the proapoptotic genes activated by Cyr61. These include Bad, Bax, Casp3, Casp6, Check1, Check2 Gadd45a, p53, and Trp53inp1. Most of these genes have been functionally grouped as p53 target genes. The MMP-2 gene has also been shown to be transcriptionally activated by p53, suggesting an important role of p53 as a mediator of Cyr61 and CTGF activity in pericytes (37) . The p53 protein is known as both a downstream target of Cyr61 in cancer cells and a critical regulatory factor of program cell death during anoikis (34, 57) . In particular, studies have shown that anoikis can be suppressed by transfection of fibroblasts with a dominantnegative form of p53 (43) . Survival signals mediated by the a 6 b 4 integrin can be effective only in p53-defective cells (58) . Mechanistically, p53 was shown to target the protein called phosphatase and tensin homolog or phosphatase and tensin homolog (PTEN), which dephosphorylates focal adhesion kinase and phosphatidyl inositol 3,4,5 triphosphate, thereby antagonizing their function in cell survival (59) . The p53-PTEN interregulation provides a plausible link between p53 activation and suppression of integrin-mediated survival signaling because PTEN was shown to restore anchorage dependency in anoikis-resistant cells (43) .
Functionally, accumulation of Cyr61 and/or CTGF in normal retinal capillaries is likely to compromise retinal capillary integrity and precipitate their closure and degeneration, an important vascular feature of background diabetic retinopathy. In vivo studies have shown that both Cyr61 and CTGF are downstream effectors of AGE products in the diabetic retina and that mice treated with AGE products significantly up-regulated the expression of the Cyr61 and CTGF genes (17) . Deleterious effects of AGE in diabetic mice can be prevented by injection of aminoguanidine, which down-regulates the expression of the Cyr61 and CTGF genes. In line with these observations, AGE-BSA-induced Cyr61 and CTGF gene expression in pericytes was markedly decreased in the presence of phosphatase inhibitors, which reversed, at least in part, the proapoptotic effects of Cyr61 and CTGF (data not shown). Thus, the accumulation of these matricellular proteins in the retinal capillaries at the onset of diabetes may alter the retinal capillary structure and organization. Studies have shown that impaired angiogenesis and reduced capillarization of skeletal muscles was associated with increased Cyr61 and CTGF levels in diabetic skeletal muscle (60) . In addition, these matricellular proteins are susceptible to proteolytic degradation, which yields peptide fragments with, perhaps, biological activities of their own. A recent study showed that an N-terminal peptide derived from the CTGF protein accumulates in the vitreous of patients with active proliferative diabetic retinopathy (61) . Therefore, Cyr61, CTGF, and/or their individual domains provide potential targets in therapeutic and biotechnological contexts.
